CHAPTER 6 Boundary Condition:

The equations of motion require boundary conditions on all sides of the domain in
which the solution is to be obtained, as well as on albsad of ap objects which lie
within the domain. 6r CFD methods, this implies that boundary conditions must be
applied at eachate of each computational block. Here, the term boundary conditions is
used some&hat loosely as it refers to bothysical conditions (e.g. solidadl, symmetry
plane, etc.) and inteates between adjacent medapped blocks.

In CFL3D, the boundary condition data are located in the agiaygdim,kdim,5,4),
gj o(kdim,idim-1,5,4), andgko(jdim,idim-1,5,4)for thei, j, andk directions, respec-
tively. The third ind& in the arrays indicates the position for the filow-field primitive
variables (Equation (E-3)). The fourth dimension indicates the storage location for the
boundary alue positions; indices 1 and 2 are the positions for the boundary data at the left
face and indices 3 and 4 are the positions for the boundary data at thaagghtéft

face” here refers to the=1, j =1, andk =1 faces. “Right &ce” refers to theé =idim,
J =jdim, andk = kdim faces.

Note that the locations defining the boundary conditigiores in “LT14 - 10 Bound-
ary Condition Specification” through T19 - KDIM Boundary Condition Specification”
aregrid points but the actual boundary conditions are applieceditface centes.
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Figure 6-1. Boundary condition ggnents.

For example, say that Figug@1 represents the sade of a wing. At the unshaded
cells, it is desired to apply a heatedlMboundary condition, while at the shaded cells it is
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CHAPTER 6 Boundary Conditions

desired to apply an adiabati@alvboundary condition. Oneay to accomplish this objec-
tive would be to dride theko boundary condition into threegraents, as indicated by the
dashed lines in the figure. The CFL3D input filewd look like this:

Line Type

18 Ko: GRID SEGVENT  BCTYPE | STA | END JSTA JEND NDATA
1 1 2004 1 5 1 2 2

twt ype Cq

1.6 0.0
1 2 2004 1 3 2 4 2

twt ype Cq

1.6 0.0
1 3 2004 3 5 2 4 2

twt ype Cq

0.0 0.0

Note that, for gample, thegrid pointsi = 1 to 5, = 1 to 2 define the boundary of the
cellsat which the boundary condition type fogseent 1 is applied.

Two types of boundary condition representations are graglan CFL3D, namely
cell-center and cellaice. or cell-center type boundary conditions, thevflieeld variables
are specified at “ghost” points corresponding to tvell-center locations analytically

extended outside the grid as illustrated in Figgh2 For example,qi 0(j ,k,l,1) contains

the boundary data at the ghost point locations rigkt toethei = 1 cell-center data and

i 0(j ,k,l,2) contains the boundary data in the second set of ghost point locations at the
left boundary Likewise, gi 0(j ,k,I,3) contains the boundary data at the ghost point loca-
tions right n&t to thei =idim cell-center data angi 0(j ,k,l,4) contains the boundary

data in the second set of ghost point locations at the right bourderysame boundary
data location definitions apply for thgo andgk0 arrays.

For cell-face type boundary conditions, thenflfield variables and their gradients are
specified at the celbte boundary as illustrated in Fig@&. For cell-face type boundary

conditionsgi 0(j ,k,l,1) contains the fle-field variable data at the= 1 grid cell-fice and
i 0(j ,k,l,2) contains the flo-field variable gradients at the= 1 grid cell-bce. Lilewise,
qi 0(j ,k,1,3) contains the flo-field variable data at the =idim grid cell-face and

ai 0(j ,k,I,4) contains the fle-field variable gradients at the=idim grid cell-face. The
same boundary data location definitions apply foigtleeandgko arrays.

Note that when running in 2-d moded = 1), itdoes not mattewhat boundary con-
ditions are used on the=1 andi =idim faces (preided that the boundary condition
itself does not require more than one interior c&btype is generally set to 1002 on
these &ces.

Boundary conditions for the eddy viscosity are storedi it vj 0, andvko, while
boundary conditions for the field equation wdmce models are storedtino, tj 0, and
t k0. Both of these are cell-center type, although only the first ghost points (1 and 3) are
used. The field equation tudence model boundary conditions are described in more
detail in SectiorH.7 on page96.
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6 Boundary Conditions
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Figure 6-2. Cell-center type boundary locations.
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Figure 6-3. Cell-face type boundary conditions.
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CHAPTER 6 Boundary Conditions

6.1 Physical Boundary Conditions

The 1000 series of boundary condition types are used fmiqath boundary condi-
tions and are specified atyanf a blocks six faces in “014 - 10 Boundary Condition
Specification” on pagé2 through “0’19 - KDIM Boundary Condition Specification” on
page35. In each casadata = 0, since no additional information is required for imple-
mentation of the condition. The 1000 series boundary condition types currently supported

are as follavs:

bctype.
1000
1001
1002
1003
1004
1005
1008
1011
1012
1013

6.1.1Free Steam
bctype 1000

boundary condition

free stream

general symmetry plane
extrapolation

inflow/outflow

(no longer =ailable, use 2004 instead)
inviscid surbce

tunnel inflav

singular axis — half-plane symmetry
singular axis — full plane

singular axis — partial plane

The free stream boundary conditions are cell-center type boundary conditions. The
five flow-field variables for both sets of ghost points are set equal to the iratissy

which are:

wherea; = 1.0.

initial

Pinitiar = 1.0

initial = Mo, COSOCOSB

initial = ~Mc,SINB (6-1)
nitial = Mg Sinacosp

2
Pinitial = Pinitial(Qinitial) /Y
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6.1.2 General Symmetry Plane

6.1.2Genenl Symmetry Plane
bctype 1001
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Figure 6-4. Symmetry boundary conditionbdtype 1001) for density

The symmetry plane boundary conditions are cell-center type boundary conditions. As
the name implies, symmetry is assumed across an axis. The ghost point dansgyare
set equal to their “mirror image” counterpartstithe points defined as in Figuées,
P_1 = P,
P = P2

(6-2)

(Note thatp_, = qi0(j,k,1,1) at thei = 1 face, for ®ample.) The pressureales are
assigned in the sameaw

The \elocity components at the ghost cells are obtained asvillGonsider ghost
cells at ari = 1 face. Note that the normalized cortrdant \elocity U is normal to an
= constant dce. LetU; be the normalized contrariant \elocity at cell center 1 in

Figure6-4. For ani symmetry planelJ must hae opposite signs on each side of the
plane. Thus

Wl — ZézUl

=
I

Whereéx, éy, andéz are the metrics (unit normals) at the 1 face.
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CHAPTER 6 Boundary Conditions

. 22 22 a2 — — .
Since(§x) +(&y) +(&2) = 1, U_; = U;. The elocity components at ghost cell
center —2 are set in a similar manner using the data at cell center 2. (Note that thia is no

“general” symmetry condition, applicable toygplane, not just th&—z plane as in ear-
lier versions of the code. Consequenthere is no longer lactype 1006.)

6.1.3Extrapolation
bctype 1002

The etrapolation boundary conditions are cell-center type boundary conditions. The
ghost points arex¢rapolated from the computational domain. Based on the locations of

P4, P_; andp_, depicted in Figuré-4, the &trapolated @lues vould be

P1 = P
P =Py

(6-4)

The same zeroth ordexteapolation is used for the boundaslwes of the other four flo
field variables.

6.1.4Inflow/Outflow
bctype 1003

The inflov/outflov boundary conditions are celide type boundary conditions. In the
far field, the elocity normal to thedr boundary (pointingut of the grid) and the speed of
sound are obtained from éwocally 1-d Riemann irariants:

2a

R y-1

ux (6-5)
where the boundary is considered aatefof constan (in this xample) with decreas-
ing ¢ corresponding to the interior of the domain and
U=U-—+ (6-6)

18}
EX Ey EZ Et

= u+ v+ w+
og 1o |og T |Dg

U (6-7)
R~ can be ealuated locally from conditions outside the computational domain acdrR

be determined locally from inside the domain. The norrekloity and speed of sound are
determined from
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6.1.4 Inflow/Outflo w

- 1 -
Uface = E(R++ R)
(6-8)
= Y-lpt_ g
=R -R)

aface

The Cartesianelocities are determined by decomposing the normal and tangeitied v
ity vectors:

&x

Utace = Urer + |DE|(Uface_Uref)

_ y /o _
Viace = Vref T |DE|(Uface_uref) (6-9)

_ zZ /- _
Wiace = Wrer T |DE|(uface_uref)

For inflow, ref 0 c. For outflon, ref represents thealues from the cell inside the
domain adjacent to the boundary

The sign of the normalelocity Ufaee = Ugyee *+ &1/ I0E| determines whether the

condition is at inflev (Uaee<0) or outflav (Usuce>0). The entrop p/p’ is deter-

mined using thealue from outside the domain for inflaand from inside the domain for
outflow. The entrop and speed of sound are used to determine the density and pressure on
the boundary:

1

CPRIEE
Ptace = [ﬂ

ysface (6-10)

2
_ pface(aface)
Ptace = f

Note that when2d = -1, the 1003 boundary condition is augmented byahfetd
point-vortex correctiorf® (for 2-d, x —z plane only).
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CHAPTER 6 Boundary Conditions

6.1.5Inviscid Surface

bctype 1005
® Cell-Center Points on Grid
< e o O Cell-Face Boundary Points
— Gradients on Boundary Edgt
po-e} o [
P1 P2

Figure 6-5. INviscid surbice boundary conditiom¢type 1005) for density

The inviscid surbce boundary conditions are celté type boundary conditions. The
cell-face boundaryalues for density are approximated with the densityaes of the near-
est cell-center points on the gridittWthe points defined as in as Fig6r&,

Po = P (6-11)
The boundary alues for pressure are obtained in the same manner

The \elocity component normal to the sag€ is set to zero in the fong manner
Assume that the swa€e in Figurés-5 is ak = constant suaite, for which the metrics (unit

normals) arefx, Zy, ande. Then the normalized conttaiant \elocity (normal to thek
direction) at cell center 1 is

Wy = uglx+vyly + Wy {z+ Gt (6-12)
The welocity components at thealv are then calculated using
Up = Up—CxWy

A

Wy = Wy =Wy
Using(zx)2+ (Zy)2 + (ZZ)2 = 1, it may be seen that/; = 0 so that the normalelocity
at the vall is zero.

The gradient alues for all fie flov-field variables needed at the cedek are obtained
using two-point diferences. &r example, for density
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6.1.6 Constant Enthalp y and Entr opy Inflow

Op = 2(p1—pPp) (6-14)

6.1.6Constant Enthalpy and Ewmfoy Inflow
bctype 1008
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Figure 6-6. Constant enthajpand entrop inflow boundary conditionsttype 1008).

The constant enthalpand entrop boundary condition (sometimes referred to as the
wind tunnel inflov boundary condition) is a cell-center type condition. A grid set up to use
the tunnel inflv condition should alays hae thex coordinate running along the length
of the tunnel as sk in Figure6-6. It is assumed that the entyagnd the enthalpare at
the free-stream conditions. Theandw components ofelocity are set to zero and the

pressure gradient at the boundary is also zero. The density at the boundary is obtained
from

Sy = Ey (6-15)
P

The u component of @locity is obtained from

a2 U2
Hoo = yTl + E (6-16)

The zero pressure gradient condition is used to set the pressure in the ghost cell equal to
the nearest interioralue.

For running internal (wind tunnel type) s, bctype 2003 is usually preferred as the
inflow boundary conditioner 1008, although both mayowk. For the corresponding
wind tunnel outflav boundary conditiohctype 2002 should generally be used.
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CHAPTER 6 Boundary Conditions

6.1.7Singular Axis Using Half-plane Symmetry

bctype 1011
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Figure 6-7. Singular axis with half-plane symmetry boundary conditlmotype 1011).

The singular axis using half-plane symmetry boundary conditions are cell-center type
boundary conditions. As axample of this boundary condition, assume the singular axis

occurs atk =1. If jdim =5, ani =constant plane might look kkthe one dman in
Figure6-7. In the figure, the subscripts fprare]|
values for density are assigned as

P11 =

P2 1
P31

Pa, 1

Pa 1
P31
P21
P11

P1,2 =
P22 =
P32 =
= P12

Pa, 2

and thenk (i.e. pj,k). The boundary

Pa,2

P32
(6-17)

P22

The other four fla-field variables are assigned in a similastiion; havever, the normal-
ized contraariant \elocities and metrics are used to determine the correct signs for the
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6.1.8 Singular Axis Using Full Plane , Flux Specified

velocity components in a manner similar to boundary condition type 1001. First note that
by the assumption of half-plane symmethe direction cosines on= 1 are the same as

j = jdim apart from the sign; let these metrics be denﬁt)@dﬁy, andn,. Then, for
example,

Va1 = Ug N+ Vg 1Ny + Wy N+ Ny (6-18)

Up 3 = Uy 1—2N,Vy41

=
I

Wy 1— 2rA]z\_/4, 1

6.1.8Singular Axis Using Full Pland=lux Specified
bctype 1012

@ Cell-Center Points on Grid
O Cell-Face Boundary Point
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Figure 6-8. Singular axis using full plane boundary conditibotype 1012).
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CHAPTER 6 Boundary Conditions

The singular axis using full plane boundary conditions are aed-type boundary
conditions. As anxample of this boundary condition, assume the singular axis occurs at

k =1.If jdim =9, ani = constant plane might look kkthe one dman in Figure6-8. In
the figure, the subscripts fprarej and therk (i.e. pj’k).

For the cell-hce boundary pointalue of density §,), an aerage alue of all the &l-
ues atk =1 is obtained, i.e.

p] 0 = __l_z_l___._ (6-20)

The flux \alue is obtained with a twpoint etrapolation usingp; andp,:

(Dp)j = 2(pj, 1—pj,o) (6-21)
The boundary alues for all fie flow-field variables are assigned as described for density

A known problem gists when using this boundary condition with the Baldwin-Lomax
turbulence model. In such cases, the code eysplbe “wall” Baldwin-Lomax equation
option rather than the “ake” Baldwin-Lomax equation option at the 1012 boundary

6.1.9Singular Axis Using Ex#polation (Rrtial Plane)
bctype 1013
The singular axis using<grapolation boundary conditions are cell-center type bound-

ary conditions. The ghost points ardrapolated from the computational domain. This
boundary condition is used with singulareaxXor which neither boundary condition type
1011 or 1012 is appropriate (quarter planes, for instaneeg&mple, the density bound-
ary values vould be approximated as

Py = P1

P = Pg

(6-22)

The same first ordex&rapolation is used for the boundamgwes of the other fle-field
variables.

6.1.10A Word About Singular Metrics

Version 5.0 will automatically detect collapsed grid lines (e.g. singular metrics, cell
faces with zero area) on block boundaries. (Collapsed grid lines in the “interior” of a block
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6.2 Physical Boundary Conditions with Auxiliary Data

are not allved.) The detection of singular metrics is no longgel to the specification

of eitherbctype 1011, 1012, or 1013. While these boundary conditions are still applicable,
the nev singular metric detection alks ary other standard boundary condition that does

not rely on the grid metrics at the boundary to be used as well. Note that thenigllo
boundary conditions rely on the grid metrics at the boundary and so should not be used on
a singular &ce/fice sgment: 1001 (symmetry), 1005 yiscid), 1003 (inflav/outflow),

2003 (inflav with specified total conditions) and 2006 (radial equilibrium).

When CFL3D detects singular metrics on a particular block, a message is written to
the main output file (unit 11) indicating the location. It isats a good idea tcewfy that
ary singular block &ces/ace sgments are indct correctly detected. Metrics are treated as
singular if the total area of ade/fice sgment is less than a paramedesl (set near the
top of subroutinawetric, in modulel bex. f). In certain casesgt ol may need to be
changed (increased in magnitudeai€és that are kmon to be non-singular are flagged as
singular and decreased ddes that are kmon to be singular are not flagged as such, in
which case the code will\g floating point gerflow in subroutineret ri c).

6.2 Physical Boundary Conditions with Auxiliary Data

For the “2000” series of boundary conditions, auxiliary data is required. Therefore,
ndata 0. The follwing sections describe the boundary condition types for constant input
data (data > 0). For these conditions, the information inT‘L4 - 10 Boundary Condition
Specification” on pag82 through “0’19 - KDIM Boundary Condition Specification” on
page35 is immediately followed by a header line, then a single data line witmtlata
values appropriate for the particular boundary condition. Se6tih8 describes hoto
use the same boundary condition types wahable input data.

Input values forbctype (i.e. boundary condition types currently supported) asvistio

bctype. boundary condition

2002 specified pressure ratio

2003 inflow with specified total conditions

2004 no-slip wall

2005 periodic in space

2006 set pressure to satisfy the radial equilibrium equation
2007 set all primitve variables

2102 pressure ratio specified as a sinusoidal function of time
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CHAPTER 6 Boundary Conditions

6.2.1Specified Rrssue Ratio
bctype 2002

The specified pressure ratio boundary condition, generally used as the dotfilod-
ary condition for internal fls, is a cell-center type boundary condition. A single pressure

ratio, p/ p,,, is specified on input. The parametelata must be set to 1 for the input

pressure ratioalue to be read. This pressure ratio is used to set both cell-center pressure
boundary alues @_; and p_,). Extrapolation from inside the computational domain is

used to set the boundarglues forp, u, v, andw. See “Extrapolation” on padgel. An
example of the input lines is:

p/ pi nf
0.910

When usingbctype 2002 as the outfl® condition for internal (wind tunnel type)
flows, the tunnel Mach number and/or masw fhould be monitored anmpinf adjusted
accordingly to obtain the correct conditions. This is usually an iterptbcess.

6.2.2Inflow Wth Specified dtal Conditions
bctype 2003

The inflov with specified total conditions boundary condition (sometimes referred to
as an “engine infl@” boundary condition because it is often used to specify the conditions
at an inflov face where an engingleust is located) is a cell-center type boundary condi-
tion. The follaving five pieces of information are ptided on input iidata = 5): an esti-

mated inflov Mach number If1,), the total pressure rati®{ p,, ), the total temperature

ratio (T't/'foo), and the flav directions ¢t andf3) in degrees. Thesealues are used as the
external state in a 1-d characteristic boundary condition.xamele of the input lines is:

Mach Pt/ Pinf Tt/Tinf Al phae Bet ae
0. 300 4,000 1.17555 0.0 0.0

Boundary condition type 2003 i€my similar to boundary condition type 1003 in that
either interior or gterior values are chosen, depending on the sign of the characteristics at
the boundaryOne diference between them is that, while 1003 use$idld reference-
state leels for the gterior values, 2003 uses the total temperature, pressure, Mach num-
ber, and flav angle that are input to determine the referexeerier values. Another dif-
ference is the ay the density and pressure boundary condit@ioes are determined.
Boundary condition type 1003 calculates theséues as shvn in Equation (6-10).
Boundary condition type 2003 first determines a Mach number at the boundary using the
velocities and speed of sound at the boundary (which were calculated through the charac-
teristic method):
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6.2.3 Viscous Surface

2.2, 2

2 _ U +Vvi+w

M__—E_ (6-23)
a

It should be noted that the infloMach number may end up slightly féifent from the
input M, for a coverged solution. The pressure and density boundary conditions are then
determined with

- ’bt/boo
y—1 2y v-1
vE+ 5

P
(6-24)

p:

ool

The boundary conditionelocity components are determined the sarag a&s for bound-
ary condition type 1003.

6.2.3Viscous Surface
bctype 2004

The viscous sudice boundary conditions are celk€é type boundary conditions. The
no-slip condition ¥ = 0) is applied at the swa€e. o pieces of auxiliary information

are supplied on inpuh@lata = 2): the vall temperatureiw/'f'w) and the mass ﬂm(Cq),

where Cq = (PUnormar)” (PU),, - (Cq is zero if there is no fle through the wll.) An
example of the input lines is:

Twt ype Cq
0.95 -0.05

where

Twtype > 0 setsT,,/ T, = Twtype
Twtype = 0 sets adiabatic all

Twtype<0 sets'T'W at the stagnation temperature
Cqg<o0 results in suction (mass WoOUT of the zone)

Cqg>0 results in blaving (mass flav INTO the zone)

Cqg=0 results in no flew through the wll (same as olbctype 1004)
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Note that for a dynamic grithctype 2004 gves no-slip relatie to the maing wall. To
set the wall velocity to zero relate to a non-maing reference frame when the mesh is
moving, use —2004 instead of 2004, this option esagense only if the grid motion is tan-
gential to the sudtce.

Also note that boundary condition type 2004 supersedes boundary condition types
1004 and 2004 in preious \ersions of CFL3D. The main reason for the replacement is
that 1004 relied on global parametesrsd andc2spe to determine whether adiabatialv
or constant-temperatureall conditions were woked. As a consequence, all 1004-se
ments had to be the same.vijavith 2004 (along with its additional data fielavtype),
every no-slip vall sgment can be set with &fent wall temperature conditions, if
desired. Boundary condition type 2004 alsovasidor mass flav through the ll (suction
or blonving) through the second additional data fi€lgl

The no-slip vall boundary condition is implemented as fai&

« The nondimensional pressure on the bagyis determined through lineaxteapola-
tion:

Pp, = P1—(Py—p1)/2 (6-25)

Butif p, <0, thenp, = p,. Here the indices 1 and 2 indicate the first and second cell-
center alues avay from the vall, respecitiely.
« The nondimensional square of the speed of sowr@blec?2, at the vall is net deter-

mined. (Note that2 = (&,/3,)° = Tw/Tw.)

If Twtype > 0,c2 = Twtype.

If Twtype< 0,c2 =1+ y%l(Mm)z.

If Twtype = 0,c2 = %g[l + V%l(Ml)Z} .

» The surfce elocities are then determined as

_ Ex (c2)
Uy = MoGClmaly_pb * Unesh

- &y (c2)
Y = MaCorgryp, ™ Vimesh (6-26)
w,, = M_,C s (c2)

W,
00 qlDElypb mesh
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6.2.4 Periodic (In Space)

where U esh» Vimesh» aNdw,,o, are the elocity components of the mesh (grequal 0
if the grid/body is not in motion).

« Since 2004 is a celate boundary condition type (i.e. the boundary conditions and
their gradient are applied at the celté rather than in ghost cells),

_ By
Pw c2 (6-27)
pw = pb

The gradients at the all for all the primitve variables are determined via
Op = 2p,—2p,,, €tc.

Note thatsni n is computed from viscousals only. If a wall is inviscid, then asdr as
sm n is concerned, it is unsible. This is important to remember when viscous boundary
conditions are turned on after running a castsadly for some time sinceni n may
never have been computed!

6.2.4Periodic (In Space)
bctype 2005

The periodic boundary conditions are cell-center type boundary conditions. F
pieces of additional information must be inputlgta = 4). The number of the grid with

which the current grid is periodic and the rotation angﬁg((dey,dez) about one of the

coordinate ags (x, y, z) are needed. Onlyneof the three angles can be used at a time and
the other tw anglesmustbe identically zero. The angles should be determined from the
right-hand rule. Br example, if rotation is desired about the N axis (where N is exher

or z, point the right-hand thumb in the direction of the +N axis. The fingers will curl in the
direction of the positie angle. When setting the angle for a particidaef(i.e. the =1

face), set the angle of rotation equal to the angle thaetiadicfacewould hae to mae
through to get to thisate.

For a sample input, assume the currecefon which the boundary condition is being
setisj = 1. The the follaving input will cause the currenade to be periodic with the
jdim face in grid 2, where a rotation of +45ydees about thg axis would map thedim
face of grid 2 onto th¢ = 1 face of the current grid:

ngridp dt hx dt hy dt hz
2 45.0 0.0 0.0

At present, it is assumed that the current block and the block with which it is periodic
match 1-1 at their correspondiracés after the rotation. Note that thereasa check for
this! Also, the two blocks are assumed to be aligned similarlyat isi, j, andk on the
first block must be defineekactly the same on the second bloclar Fexample, if the
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CHAPTER 6 Boundary Conditions

k = kdim face of the current block has the periodic boundary condition applied to it it is
implicitly assumed that it is periodic with the= 1 face of the specified second block

andi andj run in the gact same directions on both blocks. Note that this means that tw
of the dimensionsdim andjdim in the eéample) must be the same on both blocks.

The periodic boundary condition als@rks for a grid with one cell (tovgrid planes)
in the periodic direction if the grid is set to be periodic with itself. Note/eher, that if a
particular block is periodic with different block, then neither block should be only one
cell wide in the periodic direction.

In addition, the periodic boundary condition may be used for linear displacement, pro-
vided the rotation angles are set to zero. Altevagti the 1-1 block connection can be
used (linear displacement only!). The 1-1 internal check will flag geometric mismatches,
which should be equal to the desired linear periodic displacement. This is a good check of
the input which is notvailable with boundary condition type 2005.

Boundary condition type 2005 is a limited-use periodic (in space) boundary condition.
For example, if one is solving for fl® through a duct and it is kmm that the solution is
periodic wer 90 dgrees (i.e. the solution is identical in each of the four quadrants of the
duct), then a solution need only be obtained on a grid spanningy8fedewith periodic
boundary conditions applied at theotedges.

For an illustration of he this boundary condition evks, consider Figur&-9. This
example is for flav through a 90 dgee wedge (the flo direction is in the third dimen-
sion, out of the page). The Was periodic @er 90 dgrees, so periodic boundary condi-

tions are applied atthe= 0 andj = jdim faces.

jo(1
goy 2oV
\ ~
q \ °
N 12
N
N
Z \ \
N jdime2
\
\\— °
y — | jdim-1

I
O T~ % qio@)

~ / \\/.\

> g

~

Figure 6-9. Periodic boundary conditioo€type 2005) &ample.
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For density and pressure, boundary condition type 2005 sets:

aj 0(1) = q(jdim1)
aji 0(2) = q(jdim2)
(6-28)
qji 0(3) = q(1)
aji 0(4) = a(2)

The boundary conditions for thehocity componentsi, v, andw are assigned simi-

larly, except that thg are first rotated through the periodic angle, in this @Xe For
example,

Uy gc = aj 0(k,i,2,1) = q(j,ki,2) (unchanged)
Vi g = ai 0k i,3,1) = q(j, ki, 3)cosB,—a(j, k. i, 4)sind, 629
Wy gc = ai 0(k,i,4,1) = a(j k,i,3)sin6,+q(], ki, 4)cosB,

For an eample of hav this boundary condition can be used for linear displacement,
see the 2-d vibrating plate sample test case in Sextlo on pagé77.

6.2.5Radial Pessue Equilibrium
bctype 2006

Boundary condition type 2006 is a cell-center type boundary condition. Radial pres-
sure equilibrium is used as avdwstream boundary condition when it is desired to specify
a pressure, U a lage swirling component is present in thenldypically, this boundary
condition would be used in turbomachinery applications in which a swirlivg icestab-
lished by a rotor that is not corrected by the presence of statodit guiee \anes.

Four additional pieces of information are needed for this boundary condition type
(ndata = 4). The grid numbemg@ridc) of the gridfromwhich the intgration of pressure
is to be continued is specified. If the mration in this grid is not continued from another
grid, input 0. A alue forp/ p,, is input. Ifngridc = 0, this \alue will be the startingalue
for the intgration. Ifngridc 0, then the pressurale from the connecting point in grid
ngridc is used as the startinglue for the intgration in the current block. The direction in
which integration is to proceed is specified with the paramaetelir. It may hae an abso-
lute value of 1, 2, or 3 for inggation in thei, j, or k directions, respestely. The sign of
intdir indicates whether the irgeation proceeds in the increasing (pesitior decreasing
(negative) coordinate direction. Thiatdir direction mustbe the radial direction. The
fourth piece of information needed is theygical direction along which the radial axis
lies, denoted with the parametetcoord. It may hae the alues of +1, +2, or +3 for a
radial axis aligned with the, y, or z axes. The input lines for this boundary condition
type would look like:

ngri dc P/ Pi nf intdir axcoord
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0 0.9 +3 1

The radial equilibrium condition requires that the pressure satisfy

2
dp _ (Vo)
dr P (6-30)

where Vg is the circumferential elocity component and is the radius. The pressure

ratio, p/ p,,, is set at either the bottom or the top of the bl@zefand then the radial
equilibrium equation is inggated in either the increasing or decreasing radial direction to
give the pressure at all other radii. The trapezoidal rule is used to perform gnatiote

The other flav-field variables p, u, v, w) are atrapolated from inside the computational
domain. See “Extrapolation” on pagé.

This boundary condition assumes that one coordinate direction on the &tecksf
essentially radial and the other is essentially circumferential and that tgeafrde is
being carried out in the radial direction. Since there is ap o \erify this in the code,
caremustbe eercised when using this boundary condition to insure that this and the fol-
lowing restrictions are met. Continuation of the radial equilibrium condition through block
boundaries is restricted to blocks thatdéhesameorientation. Br example, if the equi-

librium condition is to be continued througtkéboundary from an adjacent block, then
andj must run in the same direction in both blocks. This also implies thét boendary
must bek =1 in one block andk =kdim in the second (i.e. the boundary can not be
k =1 in both blocks). Also, the gment must run the entire length of the bloagef in the
direction in which the ingration is being carried outoF example, if the intgration is
being carried out in th& direction, therksta must be set to 1 arlcend must be set to

kdim. This restriction applies only if the impation is being continued from another
block.

Consider a case in which boundary condition 2006 is to be applied atiaim face,
with j = constant radial lines (i.e. lines of constant aiglendk = constant circumfer-

ential lines (i.e. lines of constant radius). Assume the black fies in arx = constant
plane, as shwn in Figure6-10.

Assuming intgration in the k direction (ntdir = 3), the pressure & 5) in the first
plane of ghost cells is obtained from

60(.1.5.3) = BEp,

2
Py, j[(Ve) Ik, inr
i

(6-31)

9i0(j, k,5,3) = P = Pyogjt K j k=2kdim-1

3
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6.2.5 Radial Pressure Equilibrium

where

) -
[(Ve) Tk, j = Vi j THN;
o (6-32)

DnJ = E[an‘jﬂ/g*‘ Dr]k,j—l/Z]idim—l

Vi j is the \elocity at the cell centerj(k, idim —1) andr, j Is the &erage radius in cell
(k J):

[rx_1/2, ) FTks1/2,i172 (6-33)

(k, j) denotes a cell-centealwe. K+ 1/2, j +1/2) denotes adce-centeralue.

o o:o:
T T

®@ | O, O,
— ===

@ | 0O!O

. I

z —>J7r]1e | |

o

‘ @ | 0,0,
y A

—_— -
q(j , k,idim1,1=1-5) ——
qi 0(j , k, 1 =1- 5, 3)

qi 0(j, k,1=1-5, 4)

Figure 6-10. Radial pressure equilibrium boundary conditibatype 2006) eample.

The \elocity and density in the first layer of ghost cells is determined by zeroth order
extrapolation from the adjacent interior pointsr Ehe case shen in Figure6-10, the den-
sity ( = 1) is obtained from

qi0(j,k 1,3) =q(j,k, idimi,1) (6-34)
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All flow quantities in the second layer of ghost cells are obtained by zeroth order
extrapolation from the first layer of ghost cells:

qi 0(j , k,1=1-5,4) = qi0(j,k,|=1-5,3) (6-35)

6.2.6Specify All Primitive &fiables
bctype 2007

Boundary condition type 2007 is a cell-center type boundary conditiomolves set-
ting the boundary conditions with thediyndata = 5) primitive variables, using standard

CFL3D normalizationsp/ p,,, U/ &,,, ¥/ &,,, W/4,, andp/[p..(8,)°] . An example of
the input lines is:
rho/ rho_i nf u/ a_inf v/ a_inf w a_inf p/ (rho_i nf*a_inf**2)

1.0 0.3 0.0 0.0 0.71
Note that the input pressurerist p/ p,, but ratherp/(yp,,). Also note that the turbs

lence quantities araot currently alleved to be specified in the sameaywas theq's.
Instead, thy are etrapolated from the interior whdattype 2007 is emplged.

6.2.7Specified Rrssue Ratio As Sinusoidainie Function
bctype 2102

The specified pressure ratio as a sinusoidal function of time boundary conditions are
cell-center type boundary conditions. The pressure rpti@,, , is specified as a sinusoi-
dal function of time. The other fiefield variables p, u, v, w) are atrapolated from
inside the computational domain. Three pieces of additional information are specified on
input (hdata = 4): the desired baseline (steady) pressure ratig( ), the amplitude of

the pressure oscillatiol\p/ p,, ), the reduced frequepof the pressure oscillatiok,(),

and the “grid eqwalent” of the dimensional reference length used to define the reduced
frequeny (L, ). The pressure willary as

Vo = b£ ¥ %L)sin(anrt) (636

00 00

The reduced frequenas non-dimensionalized by

—h 1
|

(6-37)

=

00

wheref is the frequengcin cycles per second, is a characteristic length aray, is the
free-stream speed of sound. (Note that this definition of reduced frgodiiecs from
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the “standard” definitiork, = ?IN_/|\~/|oo .) An example of the lines in the input file for this
boundary condition is:

p/ pi nf  del tap/ pi nf rfr
0.910 0. 001 175.

6.2.8Variable Data for the 2000 Series

To use this option, setdata=—(the ndata used for the constant datalwe(s) as
described abe). Then, instead of the line containing the constant ddte(s), substitute
a line with the name (up to 60 characters) of a formatted file that has the appropriate array
of data alues. The data file will then be read with the folltg format:

read(iunit,*) header/title
read(iunit,*) ndimndimnp ndi mndi m= cell-centerdimensions of segment
np = number of planes of ghost cell data
read(iunit,*) nval ues number of data valuesyal ues = absfidata)
read(iunit,*)((((bcdata(mn,ip,!l), 1, ndim, n=1, ndim,ip=1, np),
| =1, nval ues)

The roles ofn n vary depending on whiclate the sgment is located:

on thei =1 and the =idim faces where

mon =k mdi m= jend—jsta andndi m= kend—ksta

Mmook on thej =1 and thg =jdim faces where
' ndi m= kend—ksta andndi m=iend-ista

mon o on thek =1 and thek = kdim faces where

mdi m= jend— sta andndi m= iend—ista

Note that zeroes amot acceptable fordi m or ndi m Use the actualalues ofjdim-1,
kdim-1, and/oridim-1 for the full face. Only boundary condition type 2007 can enake
of two planes of data.df all other boundary conditions, s@t= 1.

6.3 Blodk Interface Boundary Conditions

For all the types of block inteate boundary conditions, dattype = 0. If bctype O,
but block interice boundary conditions are set, the block iaterfooundary conditions
will supersede. All block intesice boundary conditions (one-to-one, patched, aedset)
are cell-center type boundary conditions.
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6.3.10ne-to-One Blddng
(Input Line Types Twenty-Four through Twenty-Six)

One-to-one (1-1) blocking, sometimes calle¥ @@ntinuous, means that thacés
shared by tw grids are xactly (to machine zero) the samev&al exkamples shwing a
variety of blocking stragges are discussed beloln the éamples, the ariable,l, repre-
sents the fig flov-field variables. The sample inputs illustrateshie inde rangesigta
toiend, jstatojend, ksta to kend) in “LT25 - 1-1 Blocking Connections” on pageé are
assigned so that the correct communication between blocks is established. A good initial
check to determine if the one-to-one blocking input is set up correctly is to compare the
guantity of points in the rangeoFexample, if two grids share a common portion of &
constantéce, the follving must be true:

[jend —jsta+ 1]grid 1 = [jend—jsta+ 1]grid 2 (6-38)

Keep in mind that = constantdces can communicate with= constant and/ck = con-
stant fices as well (and vicesksa), in which case the check will be

[iend —jsta+1]y4q, = [iend —ista+1]g4, (6-39)
or

Jend—jsta+1],44, = [kend —ksta+1] g4 (6-40)

respectrely. Note that Equation (6-38) through Equation (6-40) are necessary for a one-
to-one interéce to be specified corregthyt they are not sufcient; the direction in which
the indices are input must be correct as well. (See Example 3 od@&ye

Example 1
k Grid 1 Kk Grid 2
* 21x5x5 * 21x7x5
[ J [ ] ol ®
[ J [ J ol @
[ J [ J el ®
[ J [ J _»J el ® _»J

Figure 6-11. One-to-one blockingx@ample 1.

As a simple illustration of 1-1 blocking, consider Figar&l. The figure shwas an
i = constant (not necessarily teameconstant) dce of tvo grids. Suppose communica-
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tion is desired between the j =jdim face of grid 1 and the j = 1 face of grid 2. The perti-
nent input would look something like:

Line Type
6 NGRID NPLOT3D NPRINT  NWREST | CHK 2D  NTSTEP I TA
2 1 0 100 0 0 1 1
8 | DI M JDI'M KDI M
21 5 5
21 7 5
13 GRI D NBCIO NBCI DI M NBCJO NBCJDI M NBCKO NBCKDI M | OVRLP
1 1 1 1 1 1 1 0
2 1 1 1 1 1 1 0
16 Jo: GRID SEGVENT  BCTYPE | STA | END KSTA KEND NDATA
1 1 1003 1 21 1 5 0
2 1 0 1 21 1 5 0
17 JDM GRID SEGVENT  BCTYPE | STA | END KSTA KEND NDATA
1 1 0 1 21 1 5 0
2 1 1003 1 21 1 5 0
1-1 BLOCKI NG DATA:
24 NBLI
1
25 NUMBER GRI D © ISTA JSTA KSTA I|END JEND KEND |SVAl |SVA2
1 1 1 5 1 21 5 5 1 3
26 NUMVBER GRI D : ISTA JSTA KSTA |IEND JEND KEND |SVAlL | SVA2
1 2 1 1 1 21 1 5 1 3

Note that in the sample input, both grids have the same value for idim. This does not have
to be true. One grid can share only a portion of aface with another grid.

The boundary conditions at the ] =jdim faceon any i plane, denoted i1, of grid 1 would
be set as:

Grid 1 Grid 2

g o(LiLl,3)= q(1,1i2))
qj0(2i11,3)= q(1,2,i2))
qj 0(3,iL1,3)= q(1,3,i2))
qj 0(4,i11,3)= q(14,i2))
agio(Lill,4 = q(21i2))
qi0(2ill,4 = q(22i2))
qi 0B,iLl,.4 = q(23,i2))
qj 0(4,i11,4 = q(24,2))
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The boundary conditions at tlie= 1 face on ap i plane, denoted i2, of grid 2ould be

set as:
Grid 2 Grid 1
gj0o(1,i2),1) = q(4,1,i1))
gj 0(2,i2],1) = q(4,2,i1))
gj 0(3,i2),1) = q(4,3,i1))
qj 0(4,i2),1) = q(4,4,i1))
gj 0(1,i2],2) = q(3,1,i1))
gj 0(2,i2),2) = q(3,2,i1))
gj 0(3,i2),2)= q(3,3,i1))
qj 0(4,i2),2) = q(3,4,i1))
Example 2
Grid 1 k k Grid 2
2Lx9x3 ) A 41x7x5
J K_‘_ e —» !

Figure 6-12. One-to-one blockingx@ample 2.

A slightly more complicatedxample of 1-1 blocking is sk in Figure6-12. Again,
the figure shes ani = constantdce (not necessarily tlsameconstant) of tw grids. In
grid 1, is nov a circumferential direction. Communication is desired between the
and the j =jdim faces of grid 1 and thge=1 face of grid 2. (In thisxample, it is

assumed that the = 1 boundary of grid 1 is a solidad flat plate, so there is no 1-1 con-
nectvity there.) The pertinent inputomld look something li:

Line Type

6 NGRID NPLOT3D NPRINT  NWREST | CHK 2D  NTSTEP I TA
2 1 0 100 0 0 1 1

8 | DI M JDI'M KDl M

21 9 3

41 7 5
13 GRI D NBCIO NBCI DI M NBCJO NBCJDI M NBCKO NBCKDI M | OVRLP
1 1 1 1 1 1 1 0
2 1 1 2 1 1 1 0
16 Jo: GRID SEGVENT  BCTYPE | STA | END KSTA KEND NDATA
1 1 0 1 21 1 3 0
2 1 0 1 21 1 5 0
2 2 1001 21 41 1 5 0
17 JDOM GRID SEGVENT  BCTYPE | STA | END KSTA KEND NDATA
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1 1 0 1 21 1 3 0
2 1 1003 1 41 1 5 0
1-1 BLOCKI NG DATA:

24 NBLI
2

25 NUMVBER GRI D : ISTA JSTA KSTA |IEND JEND KEND |SVAL | SVA2
1 1 1 1 1 21 1 3 1 3
2 1 1 9 1 21 9 3 1 3

26 NUMVBER GRI D : ISTA JSTA KSTA |IEND JEND KEND |SVAL | SVA2
1 2 1 1 3 21 1 1 1 3
2 2 1 1 3 21 1 5 1 3

Note how k rangeson grid 2 to coincide with the appropriate k pointsonthej =1 and
J =jdim facesof grid 1. This sample input also shows how grid 1 can share only a portion
of thej =1faceof grid 2inthei direction.

The boundary conditions at the ] =1 face on any i plane, denoted i1, of grid 1 would be
Set as:

Grid1 Grid 2

gj 0(1,i1,1,1) = q(1,2,i2,))
gj 0(2,i1,1,1) = a(1,1,i2,)
gj 0(1,i1,1,2) = q(2,2,i2l)
qj 0(2,i1,1,2) = q(2,1,i2,)

The boundary conditions at the j = jdim face for the il plane of grid 1 would be set as:

Grid 1 Grid 2

g o(Lill,3)= q(1,3,i2))
qj0(2,i11,3)= q(1.4,i2))
g o(Lill,4 = q(23,i2))
gi0(2ill,4 = q(24,2))

The boundary conditions at the j =1 face on any i plane, denoted i2, of grid 2 would be
Set as.

Grid 2 Grid 1

gio(Li2l,1)= q(1,2,i1))
gj 0(2i21,1) = q(1,1,i1))
g 0(3,i21,1) = q(8,1i1))
g 0(4,i21,1)=  q(8,2,i1))
g o(Li2l,2)= q(2,2,i1))
g 0(2i21,2)= q(2,1,i1))
qj 0(38,i21,2)= q(7,1,i1))
qj 0(4,i21,2)= q(7,2,i1))
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Example 3
k Grid 1
? 21x 9% 7
[ ] [ J [ ] [ J
'//////////////////I'//l. ¢ e ¢ _>J
gL f LEEE

| < pps s o| o . .
/////// o | o ° b
Grid 2
k 21x13x5

Figure 6-13. One-to-one blockingx@ample 3.

The preious two examples sha 1-1 blocking @er the entirek range of tw grids. In
some cases, only gments of &ces will utilize 1-1 communication between grids. In
Figure6-13, two grids share a portion of ade bgond boundaries defined awistid sur-

faces. Agin, the figure shes ani = constantdce (not necessarily tsameconstant) of
two grids. Communication is desired betwgsia =5 andjend =9 on thek = 1 face of
grid 1 andjsta=1 andjend =5 on thek =1 face of grid 2. The pertinent inputowd

look something lik:

Line Type

6 NGRID NPLOT3D NPRINT  NWREST | CHK 2D  NTSTEP I TA
2 1 0 100 0 0 1 1

8 | DI M JDI'M KDI M

21 9 7

21 13 5
13 GRI D NBCI O NBCI DI M NBCJO NBCJDI M NBCKO NBCKDI M | OVRLP
1 1 1 1 1 2 1 0
2 1 1 1 1 2 1 0
18 Ko: GRID SEGVENT  BCTYPE | STA | END JSTA JEND NDATA
1 1 1005 1 21 1 5 0
1 2 0 1 21 5 9 0
2 1 0 1 21 1 5 0
2 2 1005 1 21 5 13 0

1-1 BLOCKI NG DATA:
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24 NBLI
1

25 NUMBER GRI D :  ISTA JSTA
1 1 1 5

26 NUVBER GRI D :  ISTA JSTA
1 2 1 5

KSTA | END
1 21

KSTA | END
1

21

JEND KEND | SVAlL | SVA2
9 1 1 2
JEND KEND | SVAl | SVA2
1 1 1 2

Note that, since the index runs in opposite directions on theotgrids, one range is
increasing and one range is decreasing in the 1-1 blocking input. It does not matter which
grid’s range increases and which one decreases as lony asajhe¢he points in the cor-

rect order

The boundary conditions at the= 1 face fromjstatojend-1 on ary i plane, denoted i1,

of grid 1 would be set as:

Grid 1
ako(5,i1/,1)
ako(6,i1,,1)
qko(7,i1),1)
qko(8,i1),1)
ako(5,i1),2)
)
)
)

ako(6,i1),2
ako(7,i1),2
ako(8,i1),2

Grid 2

q(4,1,i2})
a(3,1,i2})
a(2,1,i2))
a(1,1,i2])
q(4,2,i2l)
q(3,2,i2))
q(2,2,i2))
q(1,2,i2))

The boundary conditions at the= 1 face fromjstatojend-1 on ary i plane, denoted i2,

of grid 2 would be set as:

Grid 2
ako(L,i2),1) =
ako(2,i2),1) =
ako(3,i2),1) =
ako(4,i2),1)=
ako(L,i2),2) =
ako(2,i2),2)=
ak0(3,i2),2) =
ak0(3,i2/,2) =

Grid 1

q(8,1,i1))
q(7,1,i1))
q(6,1,i1))
q(5,1,i1))
q(8,2,i1])
q(7,2,11))
q(6,2,i1))
q(5,2,i1))
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Example 4

k
Grid 1 —
5x5x 21
r il Grid 2
++ 2RI
++ AR KRR
? [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
k €——
v Grid 3
[ 5x21x9

Figure 6-14. One-to-one blockingx@ample 4.

The last gample of 1-1 blocking wolves three grids sk in Figure6-14. In the fig-
ure, ak = constant (denoted k1) plane of grid 1,ianconstant (denoted i2) plane of grid
2, and aj =constant (denoted j3) plane of grid 3 arevamoCommunication between
grids 1 and 2 is desired between theidim face of grid 1 and thg =1 face of grid 2.
Communication between grids 2 and 3 is desired betwedn the face of grid 2 and the
i =1 face of grid 3. The pertinent inpubwld look something li&:

Line Type

6 NGRID NPLOT3D NPRINT  NWREST | CHK 2D  NTSTEP I TA
3 1 0 100 0 0 1 1

8 | DI M JDI'M KDI M

5 5 21

21 5 7

5 21 9
13 GRID NBCIO NBCI DI M NBCJO NBCJDI M NBCKO NBCKDI M | OVRLP
1 1 1 1 1 1 1 0
2 1 1 2 1 1 1 0
3 2 1 1 1 1 1 0
14 10 GRID SEGVENT BCTYPE JSTA JEND KSTA KEND NDATA
1 1 1003 1 5 1 21 0
2 1 1003 1 5 1 7 0
3 1 1005 1 21 1 5 0

108 CFL3D Users Manual



6.3.1 One-to-One Blocking

16

18

24
25

26

3 2 0 1 21
151 DIM GRI DSEGVENTBCTYPE  JSTA JEND KSTA
1 1 0 1 5 1
2 1 1001 1 5 1
3 1 1000 1 21 1
JO: GRID SEGVENT BCTYPE | STA | END
1 1 1000 1 5
2 1 0 1 21
2 2 1000 1 21
3 1 1003 1 5
KO: GRID SEGVENT BCTYPE | STA | END
1 1 1003 1 5
2 1 0 1 21
3 1 1003 1 5
1-1 BLOCKI NG DATA:

NBLI

2
NUMBER GRI D I STA JSTA KSTA [|END
1 1 5 1 1 5
2 2 1 1 1 21
NUMBER GRI D I STA JSTA KSTA [|END
1 2 21 1 5 1
2 3 1 1 9 1

JEND
5

5
JEND
1

21

KEND

KEND

9 0
NDATA
0
0
0
KEND NDATA
21 0
5 0
7 0
9 0
JEND NDATA
5 0
5 0
21 0
| SVA1 | SVA2
21 2 3
1 1 2
| SVA1 | SVA2
1 3 1
5 2 3

Notice that the i index range for grid 2 runs in the opposite direction of the k index
range for grid 3 due to the right-hand rule.

The boundary conditions at the i = idim face of grid 1 would be set as.

Grid1

gi 0(1,k1,1,3)
qi 0(2,k1,1,3)
qi 0(3,k1,1,3)
gi 0(4,k1,1,3)
qi 0(1,k1,1,4)
qi 0(2,k1,1,4)
qi 0(3, kll 4)
qi 0(4,k1,1,4)

Grid 2
a(L,4,i2)))
a(1,3,i2,))
a(1,2,i2,))
a(L,1,i2,))
a(2,4,i2)))
a(2,3,i2)1)
a(2,2,i2)1)
a(2,1,i2,))

The boundary conditions from ksta to kend-1 on the j = 1 face of grid 2 would be set as:

Grid 2

qj 0(1,i2,1,1)
aj 0(2,i2,1,1)
aj 0(3,i2,1,1)
aj 0(4,i2,1,1)
aj 0(1,i2,1,2)
aj 0(2,i2,1,2)
aj 0(3.i2,1,2)
aj 0(4,i2,1,2)

Grid 1

q(4,k1,4,)
q(3,k1,4,)
a(2,k1,4,)
a(1,k1,4,0)
q(4,k1,3))
q(3,k1,3,))
q(2,k1,3,))
q(1,k1,3))
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The boundary conditions at the k = 1 face of grid 2 would be set as:

Grid 2 Grid 3
ako(Li2)1) =  q(3:8,1,)
ako(2i2),1) = q(3,7,1,)
ako(3i2),1) =  q(3,6,1)
ako(4i2),1) = q(3,5,1,)
ako(Li2),2) = q(j3,8.2))
ako(2i2),2) = q(3,7,2))
ako(3i2),2) = q(j3,6,2))
ako(4i2),2) = q(j3,5.2)))

The boundary conditions from ksta to kend-1 onthe i =1 face of grid 3 would be set as:

Grid 3 Grid 2
qi 0G3,5,),1) =  q(4,Li2))
qi 03,6, 1) =  q(3,Li2))
gi0G37,),1) =  q(2Li2))
i 038, 1) =  q(LLi2))
qi0(135,),2) = q(4,2i2))
qi0(G3612) =  q(32i2l)
i 0372 = q(22i2))
qi0(38,),2) =  q(1,2i2))
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6.3.2Patched-Grid Interpolation
(Input Line Type Twenty-Seven)

6.3.2.1Genenl Information

I

I —~

, Patch Surace
I

I

I

Figure 6-15. Patched-grid sudce.

This section describes the “basics” of patching in CFL3D and themssaimple
static patching xample to illustrate the basic conceptsxfyan &ample of dynamic
patching is gren. Ritched-grid interpolation is designed for communication between grids
that share a commoade, it arenot C° continuous. Br example, a global (3-d) grid is
represented by the “box” in Figuéel5. The grid must be right-handed asvahavith the

i,],andk axes dravn in the figure. Rtching may occur on an= constantj = constant,

or k = constant susafce. In the figure, an = constant sudce is indicated as the patched
surface. Note that the adjacent grigdotved in the patch is not swa in the figure. Btch-

ing works best when the spacing of the adjacent grid in the normal direction to the patch is
the same as that in the other grid. While the patclasaiit shan as a plane, it may be

non-planar as well. The local (2-d) indieg on the patch swate is indicated by thé and
n axes.

The global and local indices correspond as Vadldthis is important when determin-
ing the input parameters for dynamic patching in Se@&id@ on pagd9):

If the patch sudce is on am = constant suate (as shen in Figure6-15), then

k=
-8

(6-41)

If the patch sudce is on @ = constant suélce, then
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i =N
6-42
Kot (6-42)
If the patch sudce is on & = constant suaice, then
= (6-43)
. 6-43
j =g

One grid may hae multiple grids patched to itoFexample, the flar over a nose cone
illustrated in Figuré-16 shavs block 1 patched to both block 2 and block 3. Note that the
orientation of grid lines in block 3 is f#rent from that in blocks 1 and 2 to illustrate the
features of the patching algorithm.

Block 2

singular axisj = 1

Block 3

Figure 6-16. Patched-grid ample.
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6.3.2 Patched-Grid Interpolation

To provide two-way communication between all blocks, a total ekeseinterpolations
are required for this case, as folk

Interpolation: Description

1 Toi =idim of block 1fromi = 1 of blocks 2 and 3 (w/from” blocks)
2 Toi = 1 of block 2fromi =idim of block 1

3 Toi =1 of block 3fromi =idim of block 1

4 Toj =1 of block 2fromk = 1 of block 3

5 Toj =jdim of block 2fromk = kdim of block 3

6 Tok =1 of block 3fromj = 1 of block 2

7 To k = kdim of block 3fromj =jdim of block 2

The interpolations may be input inyaorder (lut must be consistent once the order is cho-
sen).

6.3.2.2Description/Discussion of InpuaPametes

Basically the patch algorithm erks as follevs. The interpolations argded through,
one at a time, so that atyagiven time there is one sade being interpolated to. Note,
however, that there may be more than one acef being interpolated from. In order to
interpolate from one (or more) block(s) to anotlerpolation codicients are required.

These are found bypressing the cell-center coordinatesy,, z. on the “to” side of the

patch surdce in terms of a nonlinear polynomial§nn , whereg, n are the local coordi-
nates on the “from” side of the patch swwé. Nevton iteration is used towert the poly-
nomial to find the local coordinates of the cell cergm...

Because of the nonlinearity of the equation, problems may arise in the iteration pro-
cess. The parametefis, limit , anditmax may be adjusted to try te@come an corver-
gence dificulties. There must beinter2 values for each of these three parametansit

is the maximum step size i or n allowed during the search procedure. Tladue 1
seems to be a good general chditteax is the maximum number of search stepsadid
per grid point. A rule of thumb iBmit x itmax =the maximum dimension of, j, or k
on a patch suaice.

Ifit controls the order of the polynomial fit used to relatg, or z to § andn . Ifit =
1 for linear in both andn (bilinear).Ifit = 2 for quadratic in botR andn (degenerate
bigquadratic)lfit = 3 for quadratic ir§ , linear inn . Ifit = 4 for linear in¢ , quadratic im .

Some tips for choosint are:

« A grid with highly cuned grid lines in one of thecal directions will need a quadratic
polynomial in that direction.

» Refer to Sectio%.3.2.1 and the ussrovn knavledge of the grid to decide which (if
ary) of the local directiong§ or n are highly cured.

» Use the lavest order fit which seems reasonable in each direction.
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¢ One-to-one patching canvays be done with a bilinear fit,gardless of curature.

To andfrom are numbers containing atiles of the “to” side of the patch sace and
the “from” side of the patch swae. r each of theninter2 interpolations there is only
one \alue ofto, but there may be more than orsdue offrom which is set by the parame-
ternfb. (Nfb is the number of blocks on the “from” side of the patchasarf) The alues
of to andfrom are of the form:

to/from = Nmn

where “N” indicates the block number; “m” indicates the coordinate which is constant on
the patch sudce (may dier on either side of the patch):

m =10 i = constan
m = 20 j = constan
m = 30 k = constan

and “n” indicates on which of the bampossible m = constant saces the patch sade
occurs:

n = 1 for patch oorm = 1 surface
n = 2 for patch onrm = mdim surface

The following inputs pertain to the nose cone case in Fi§tl6:

Interpolation # to nfb from
1 112 2 211, 311
2 211 1 112
3 311 1 112
4 221 1 331
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Example
k Grid 1 k Grid 2
* 21x5x9 * 21x7x5
o| @
e| @
e| @
. . . .

Figure 6-17. Patched-grid gample.

Suppose th& dimension of grid 1 in the firskample of 1-1 blocking (see Figue
11 on pagd02) was actuallykdim = 9. Grid 1 might look something kkthat dran in
Figure6-17. As in Figuré-11, Figures-17 shavs ani = constant dce (not necessarily
the sameconstant) of tw grids. Notice that the spacing in the direction normal to the
interface (i.ej) is approximately constant across the irsteet

In Version 5.0 of CFL3D, patched-grid interpolation datastatic patched intedces
(interfaces that do not change with time) must be obtained as a preprocessing step. The
code ronnie is designed for this tagkynamic patched intedces, such as occur when
grids slide past one anothare computed internally in CFL3D.

Note that, if tvo grids with \ery different sizes are patched togethemay be neces-
sary to use a limiter on the gradients thepedd this, replace (hard-wire) the calls to 2
with calls toi nt 3 instead.
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6.3.3Chimem Grid Interpolation
(Input Line Type Ten)

Grid overlapping, also knen as the werset-grid method or chimera technique,
requires neither 1-1 connegty nor a shared intesite to pass fl@ information from one
grid to anotherWith this method, aariety of grid topologies can be used togethée
chimera implementation used in CFL3D is based on the method of Benek étsah
simplified ekample of grid @erlapping, consider a cross section of a polar grid and a Car-
tesian mesh as sha Figure6-18. Suppose the gridserlap as in Figuré-19. Since both
grids cover the same area, computations on both grids in this arvel Wwe redundant.
Therefore, certain points on the Cartesian grid will be eliminated from the computation.
The polar grid is used to caa “hole” in the Cartesian grid. In thisaanple, the hole is
defined as ancell-center point of the Cartesian grid interior to khe 4 grid line of the
polar mesh. The Cartesian mesh with the holeechout is illustrated in Figui@20. Ary
cell center point of the Cartesian grid located within this hole is designated a “hole point”.
The first two “nonhole” cell-center points of the Cartesian grid that border a hole point
both \ertically and horizontally are labelled “fringe points”. The remaining grid points
that hae not been designated as either hole or fringe points are called “field” points.
Figure6-21 depicts the hole, fringe, and boundary points for tkasnple. Each fringe
point of the Cartesian gridliis within a “taget cell” of the polar grid.

A searching algorithm is used to identify the particular eight points that define the
hexahedral taget cell. The search gms with an initial guess for the gt cell. Net, the
current taget cell is isoparametrically mapped into a unit cube in computational space.
The same transformation into the mapped coordinate system is then applied to the fringe
point; if the mapped fringe point lies in the same unit cube as the curgeitcel, then
that taget cell in ict encases the fringe point. If the mapped fringe point lies outside the
unit cube, then the current gt cell is not the correct choice. ever, the magnitude
and direction of the mapped fringe point relatio the current tget cell may be used to
choose a ne guess for the tget cell. The mapping process is repeated until the correct
target cell is identified. \ith the correct tayet cell identified, the data are transferred from
the taget cell to the fringe point with trilinear interpolation in computational space. Outer
boundary alues of the polar grid are determined in a similar marier MultiGeometry
Grid EmbedderNlaGGiE) code, written specifically for CFL3D by Baysal et'ais used
to determine the interpolation information between grids.

Note that if an verlapped (Chimera) grid is used and there is gratlapon solid sur-
faces, then forces are double-counted at Wleelap. If possible, makappropriate use of
segment < 0 (see note (2) of Secti@n7) to remedy this.
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Grid 1 k Grid 2
9x13x5 4 j 21 x15x 15
k

28

Figure 6-18. Grid-overlapping grid examples.

(LA PN
A XA

Figure 6-19. Overlapped grids.
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Figure 6-20. Hole in Cartesian grid in region of polar grid.

e HolePoint for Cartesian Grid
+ Fringe Point for Cartesian Grid

O Boundary Point for Polar Grid
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Figure 6-21. Hole, fringe, and boundary points for overlapped grid example.
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6.3.4Embedded Mesh

Regular refinement of coarse mesh

Embedded grids are useful when high gradient areas are limited to an identifiable
region (see reference 25). An embedded grid can be placed in gt te resole the
flow field without refining the entire mesh. As atample, an embedded grid scheme is
shavn in Figure6-22 for two dimensions. The diagram represents full refinement in both
directions. The solid lines define a finer mesh embedded completely within a coarser mesh
depicted by the dashed lines. In the figure, a portion of thefitid is covered by both the
embedded mesh and a portion of the coarser grid. The grids are coupled together during
the solution process. The cell-centarigbles on a coarser grid cell which underlies a finer
embedded grid cell are replaced withaduwne-weighted restriction ofaviables from the
four (2-d) or eight (3-d) finer grid cells, similar to the restriction operators used in a global
multigrid scheme.

® Embedded Grid Cell-Center Point
+ Embedded Grid Boundary Point

o Global Grid Cell-Center Point

F— = — 9 - — T — — = — T — — — — = — 7
| | | | | | | | |
9 9y 0 0y 0 0y 0 0O
F——l -4 -]+ ===+ — == — A
+oF L+ o+
L'l ol ol ol ol ol o I ol
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| | l+ +| ol @o|l0o|@|+ +| | |
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F— -4 — — -+ — == —A
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L e e e — 14— 1 e — 1 L — — 4

Figure 6-22. Embedded grid>ample.

For the embedded grid, the computational boundaries occur eitheryatiegbbound-
ary, such as a wing, a symmetry plane, an wiaitflov plane along a zonal intede
(one-to-one, patched, owe@rset), or along an interior computational acef of a coarser
grid. Along an interior sudce, tvo additional lines of data corresponding to an analytical
continuation of the finer grid cell centers are constructed from linear interpolation of the
coarser grid stateaviables. An enlged viev of the laver-left corner of the embedded
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mesh of Figur&-22 is shwn in Figure6-23. Arravs indicate which coarse grid points are
used in the linear interpolation scheme to obtain a couple of the boundary poamtsifira

the input parametdconsf = 1 (“LT20 - Mesh Sequencing and Multigrid”), then global
conseration is enforced by replacing the coarse grid flux at an embedded grid boundary
with the sum of the finer grid fles which share the common interé. Ificonsf = 0, the
coarse grid flux is computed using trume-weighted restriction from the fine grid, and
conseration is not insured.

@ Embedded Grid Cell-Center Point
+ Embedded Grid Boundary Point

O Global Grid Cell-Center Point
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Figure 6-23. Enlaiged portion of embedded mesh.

When designing an embedded mesh, it is important to remember that at ¢ekast-tw
ers of coarse grid cells should surround the embedded boundaries unless the embedded
boundary is set with a ghical boundary condition (e.g. solically plane of symmetryor
far-field) or a zonal boundary such as a one-to-one, patchedermed type. In thexam-
ple of Figure6-22, there are tavlayers of coarse grid cells almoand bela the embedded
mesh and three layers of coarse grid cells on the left and right sides of the embedded
mesh.

Suppose the grids in Figuée22 are in an = constant plane. Alsgdim =9 and
kdim =7 for the coarse grid andim =5 andkdim =5 for the embedded mesh. The per-
tinent input vould look something li&:
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Line Type
6 NGRID NPLOT3D NPRINT  NWREST I CHK 2D  NTSTEP I TA
2 1 0 100 0 0 1 1
7 NCG | EM | ADVANCE | FORCE IVISC(1) 1VISC(J) IWVISC(K)
0 0 0 0 0 0 0
0 1 0 0 0 0 0
8 IDIM JDI'M KDl M
21 9 7
41 5 5
10 INEWG | GRIDC IS JS KS IE JE KE
0 0 0 0 0 0 0 0
0 1 1 4 3 21 6 5
20 MBEQ MGFLAG | CONSF MIT NGAM
1 0 1 0 0
22 NCYC  MGLEVG NEMVBL NI TFO
1 1 1 0

In this xkample, the embedded mestiends the entire length of the global grid in the
i direction. The dimensions of the embedded mesh must satisfy a particular relationship to
the data in “I[10 - Embedded Mesh Specifications”. The input paramitges|s, je, ks,
andke are indices in the global grid to which the embedded mesh is connected. Thus, the
following must be true:

idimembedded - 2(ie_is)global +1 (6-44)

Analogous relationships hold for theandk directions. Note that the onlxeeption to
Equation (6-44) occurs in the direction for 2-d cases, whetfe = 2, ie = 1 and

ICIImembedded = Idlmglobal = 2.

There is also an option called “semi-coarsening” in which the number of points in the
i direction are the same for the embedded grid and the global grid in the embeguled re

This is helpful if there are dlidient points in tha direction, lut grid enrichment i —k
planes is desirable. There is an internal check for this option and the only change in the
input sample abe is to seidim = 21 for the embedded grid as well. Note that semi-

coarsening can only be used in thdirection.

Another nice option with grid embedding is to add an embedded grid teiaysig-
run coarse grid problem.oF instance, suppose a ®erged coarse grid solution is
obtained and the fio field looks well resoled ezerywhere gcept in a wrtex region. An
embedded grid for that geon can be tadd on to the original grid file and the case
restarted. On thrstrun of the restart, setewg = 1 for the embedded grid. This lets the
code knav that a solution not on the current restart file gifr@ng. On the nd run, the
embedded grid solutionill be on the restart file, so seéwg = 0.
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